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Summary: Fluorine (I9F) nuclear magnetic resonance may be used to image cerebral perfusion in cats receiving perfluorocarbon blood substitutes. 19F relaxation times in these blood substitutes are dependent on oxygen tension (Po2) and may be used to calculate and spatially map ce rebrovascular P02 values in vivo. We have applied this noninvasive method to experimental middle cerebral ar tery (MCA) occlusion. Following MCA occlusion a per fusion defect is evident in the sylvian region, followed by Perfluorocarbon emulsions have high gas solu bility and are effective in delivering oxygen to tissue (Geyer, 1982) . They may therefore be used as blood substitutes. Because they have a high con centration of !9F atoms, intravascular perfluoro carbons can be imaged by !9F nuclear magnetic res onance (NMR) (Joseph et aI., 1985) . However, the use of perfluorocarbons in imaging tissue perfusion is restricted to vascular tissues by the low signal to-noise ratio of the technique. The relatively high vascularity of cerebral grey matter has allowed us to image perfluorocarbons in cat cortex and in large arterial and venous structures (Eidelberg et al. , 1987a,b) .
We have also recently demonstrated the feasi bility of using !9F NMR imaging to calculate and map brain intravascular oxygen tension (Po2) non invasively (Eidelberg et aI., 1987b) . Because ox ygen is paramagnetic, it enhances dipole relaxation of !9F atoms in perfluorocarbon emulsions so that longitudinal relaxation rates (lIT ! ) are proportional to P02 (Parhami and Fung, 1983; Clark et aI., 1985) . CO2 molecules are diamagnetic and do not affect !9F relaxation, and the linear UT!-Po2 relationship is independent of pH (Eidelberg et aI., 1987b) . T ! values may therefore be used to calculate P02 in perfluorocarbon-containing tissues. Pairs of partial saturation spin echo (PSSE) images with different repetition times, TR, are used to compute a T ! map (Lin, 1985) . A liT ! vs. P02 calibration line is then applied to form a map of cerebrovascular Po2. These maps may be used to generate histograms of tissue volume (pixel frequency) against P02 value, analogous to those derived invasively using needle electrodes (Lubbers, 1968; Heinrich et aI., 1985) . We now wish to report our initial findings using this method in experimental middle cerebral artery (MCA) occlusion in cats.
METHODS

Imaging
All measurements were performed on an imager oper ating at 0.5 T (I9F resonant frequency 20 MHz). 19 F images of brain were obtained using a surface coil and with voxel dimensions of -2.5 x 2.5 x 10 mm. Chemical shift artefacts were suppressed by using spin echo se quences and selectively refocussing only the major spec tral component with a narrow band width 180° pulse (pulse length 2 ms) (Joseph, 1985) .
TI values were calculated from pairs of PSSE scans: Each of the shorter scans takes -10 min so that it was possible to follow the sequence of postocclusion changes.
Calibration
We studied the perfluorocarbon perfluorotributylamine (FC-43 emulsion: Green Cross Corporation. Osaka, Japan). The I1TI vs. P02 calibration curve was deter mined by measuring TI for the major spectral component of FC-43 at varying P02 in vitro at 37°C. Scanning param eters were identical to those used in the animal experi ments. The derived calibration line, P02 = (I 82fTI -85.5), where P02 is measured in millimeters of mercury and TI is seconds, was used to convert calculated TI images into P02 maps .
Animal experiments
Adult cats were anaesthetised with pentabarpitone, given intravenous infusions of FC-43 (80-120 mg kg-I), and made to breathe 100% O2 through an endotracheal airway. The infusion of FC-43 corresponded roughly to 30% volume replacement and an 1 9F concentration of 2.4 M. Mean arterial pressure and arterial blood gases were monitored through a femoral arterial line and found to be stable following perfluorocarbon exchange. In two an imals the right MCA was exposed through the transor bital approach and temporarily occluded (Little. 1977; Sutherland et aI., 1984) . Scans were obtained sequen tially before and after occlusion.
Reperfusion scans were performed following removal of the MCA clip after -90 min of ischaemia.
Intravascular P02 maps were formed from scans ob tained before and after occlusion and after reperfusion. Histograms of pixel frequency against P02 were formed for various regions of interest.
RESULTS
19F images
A typical 19F image of normal cat brain is shown in Fig. lA . Signal from intravascular perfluoro carbon is evident in cerebral grey matter, galenic veins, and the basal arterial network known as the rete mirabile (Kumar et al., 1976) . The correspon-dence of these structures on 19F imaging with their counterparts on I H NMR scans and formalin-fixed sections has been demonstrated previously (Eidel berg et aI., 1987b) . Figure IB-E gives a sequence of PSSE240/ 1 8 (16 averages) 19F scans performed at to-min intervals beginning 30 min after occlusion.
The following sequence of postocclusion events was noted in both animal studies: Initially, a perfu sion defect is apparent in the sylvian region corre sponding to the MCA territory. Simultaneously, the signal in the rete ipsilateral to the occlusion in creases (Fig. IB) . Subsequent scans show the gradual appearance of surface collaterals corre sponding to dural and leptomeningeal anastomoses (Fig. IC) . Subsequently, additional collateral channels apear in subcortical regions (Fig. ID) such that the original defect is partially reperfused (Fig.  IE) , though to varying degrees in the two animals studied.
Restoration of flow after -90 min of ischaemia resulted in equalisation of 19F signal from the two arterial retia (Fig. 1 F and G) . The collateral channels opened during occlusion remain patent even after reperfusion, resulting in postischaemic hyperaemia.
P02 maps and histograms
A map of cerebral intravascular P02 following MCA occlusion is shown in Fig. 2A . The perfusion defect apparent on the 19F images contains insuffi cient signal for P02 calculation and appears black. A relatively perfused hypoxaemic region is visible adjacent to the perfusion defect. Within the normal hemispheres, mean cortical vascular P02 measured in MCA and anterior cerebral artery territories was 218 mm Hg in one cat and 215 mm Hg in the other. In the affected hemispheres, the value was 177 mm Hg in both cats. These P02 measurements were re stricted to voxels containing perfluorocarbon throughout the entire duration of scanning; late filling voxels in areas of reperfusion were excluded.
P02 histograms are given in Fig. 2B . The distri bution of cortical tissue volume (pixel frequency) is shifted toward lower P02 values following MCA oc clusion. The broad range of P02 values encountered in both normal and ischaemic hemispheres is char acteristic of perfluorocarbon-replaced animals (Ei del berg et aI., 1987 b).
DISCUSSION
The technical limitations of 19F NMR imaging have been discussed elsewhere (Joseph et aI., 1985; Eidelberg et al., 1987 b) . 19F signal intensity in PSSE scans is determined by intravoxel perfluoro- carbon concentration, T I , T2, and flow rate. A short T E minimizes signal loss caused by incomplete re phasing of flowing spins and by T2. T I dependence is small in the long TR scans so that signal intensity is determined primarily by perfluorocarbon con centration. Assuming that most detectable per fluorocarbon is intravascular, and its concentration within a vessel is relatively uniform, signal intensity will be proportional to the fractional voxel volume occupied by vessels containing perfluorocarbon.
The changes on 19F imaging following MCA oc clusion agree with predictions based on the results of other experimental techniques. In the acute stages, a defect is found in the MCA territory, indi cating an ischaemic core area. The accompanying large increase in signal from the ipsilateral rete sug gests compensatory filling and expansion of the small vessels constituting this network (Gillilan, 1976) . A similar effect has been demonstrated by angiography in internal carotid occlusion in cats (Kumar et a!., 1976) and humans (Gillilan, 1974) . The rapid reversal of this asymmetry in rete signal following reperfusion supports the hypothesis of Barnett and Marsden (1961) of a primarily mechan ical role for the rete in the regulation of cerebral haemod ynamics.
Sequential 19F scans demonstrate the appearance of dural and leptomeningeal collateral channels within 50 min of occlusion. The availability of these channels, and consequently the degree of sponta neous reperfusion, varied in the two animals studied. This may account for individual differ ences in the extent of infarction produced by exper imental MCA occlusion in cats (Kamijyo and Garcia, 1975) . Additionally, spontaneous reperfu sion may have been facilitated by the perfluoro-carbon exchange itself and the reduced viscosity and particle size of these emulsions (Peerless et a!., 1981 (Peerless et a!., , 1985 . Unlike the signal as ymmetry in the retia, the collaterals opened during occlusion per sist following clip release, perhaps owing to the presence of an endogenous vasodilator such as aci dosis (Lassen, 1966; Yamaguchi et a!., 1971) . These persistent channels are likely to constitute the basis for the postischaemic hyperaemia encountered in experimental and clinical stroke (Sundt and Waltz, 1971; Olsen et a!., 1981; Hakim et a!., 1987) .
P02 maps are derived from pairs of 19F scans, and a certain minimum perfluorocarbon concentration is necessary before the calculation can be per formed precisely. Consequently, P02 cannot be cal culated for an unperfused ischaemic region. TR values were chosen to maximise the precision of T I measurement within the physiologic range of P02 normaJly encountered in perfluorocarbon-ex changed animals (i.e., 150-250 mm Hg) (Eidelberg et ai., 1987a; To fts and Johnson, 1987) . These values of TR may be inappropriate for the measure ment of P02 in severely hypoxaemic areas. How ever, following MCA occlusion, there is generally insufficient 19F signal to enable P02 measurement, rendering such considerations irrelevant. The P02 calculation is accurate only if perfluorocarbon con centrations within the voxel remain constant during scanning. With spontaneous reperfusion, some ini tially empty voxels may achieve sufficient 19F for P02 calculation late in the course of scanning. The order in which the scans are performed (short TR first) will lead to an underestimate in P02 in these areas. For this reason we have attempted to ex clude such late-filling cortical voxels when con structing histograms. P02 values derived noninvasively by 19F NMR are consistent with other measurements acquired using needle electrodes (Heinrich et a!., 1985) . These values reflect cortical intravascular oxygena tion derived from a mixture of venous and arterial sources, and as such tend to slightly overestimate actual tissue P02 (Lubbers, 1968) . The high 02-car rying capacity of perfluorocarbon raises these values further, especially in this model, in which a major portion of oxygen delivery is due to perfluo rocarbon. Nonetheless, this technique can compare and localise regions of relative hypoxaemia as indi cated in Fig. 2 . Although P02 in late-filling collat erals may be underestimated, this difficulty does not apply to the constantly perfused cortical voxels. The majority of cortical hypoxaemic voxels are restricted to a perfused border zone adjacent to the central hypoperfused ischaemic area. Although only relatively hyperaemic, this cortical strip may p02 / mmHg be designated as a region of border zone hyper aemia (Olsen et al., 1981) . Our demonstration of relative hypoxaemia in this border zone by P02 mapping confirms the invasive measurements of Sutherland et al. (1984) in perfluorocarbon ex changed cats. In summary, 19F NMR imaging in experimental MCA occlusion provides a simple noninvasive means of studying the acute pathophysiology of stroke. Many phenomena proposed in acute cere bral infarction can be demonstrated and studied by this new technique. 
